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Introduction
Photodynamic therapy (PDT) is a more selective method for cancer treatment than either chemotherapy or radiation therapy, because tumor tissue damage occurs only when a photosensitizer, molecular oxygen, and light of an appropriate wavelength are simultaneously presented to the tumor area. Upon photoactivation, reactive oxygen species are generated; these have a short lifetime (<0.04 s) and a short radius of action (<0.02 μm), and induce irreversible damage to the cells in the microenvironment [1, 2] .
PDT targets the tumor cells, the tumor bed microvasculature as well as normal microvasculature, and the inflammatory and immune host system. It was considered that targeting a combination of all these components is required for long-term tumor control [3] .
Benzoporphyrin derivative monoacid ring A (BPD-MA) is a second generation photosensitizer with rapid body clearance and strong light absorption at a wavelength of approximately 690 nm; this wavelength enables considerably high light penetration into the tissue [4] . This photosensitizer has been approved for the treatment of age-related macular degeneration and is under investigation for the treatment of tumors. In cases of high accumulation of the photosensitizer in tumor cells, cellular-targeting PDT (3-h-interval PDT) was generally performed at 3 h after BPD-MA administration.
Therefore, slight hemostasis was observed in the 3-h-interval PDT group [5] . On the other hand, in cases of high accumulation of photosensitizer in tumor vasculature, vasculature-targeting PDT (15-min-interval PDT) was performed at 15 min after BPD-MA administration. Therefore, vascular damage and hemostasis was observed in the 15-min-interval PDT group [5] .
Photoactivation of BPD-MA when it is largely localized within the blood vessels damages the microvasculature endothelium [6, 7] . In tumor tissue, microvasculature 3 damage is readily observed histologically following PDT; this damage leads to a significant decrease in blood flow as well as severe and persistent hypoxia [8] [9] [10] [11] . The treatment-induced reaction of the tumor vasculature can determine the prognosis, and it can be assessed by the histological examination of the tumor. Since, this method requires obtaining tissue samples repeatedly by invasive biopsy, it is impractical. A number of techniques have been reported for imaging the blood vessels in solid tumors invasively and repeatedly [12, 13] . Among these, power Doppler ultrasound (US) could noninvasively monitor the tumor blood flow [12] . Therefore, this method could enable the assessment of the vascularity and blood perfusion within the tumor tissue after PDT.
In addition, it was reported that PDT produced microvascular damage within the treated tumors, and the resulting tumor hypoxia induced a number of molecular and physiological responses, including an adaptive response associated with gene activation [14, 15] . A primary step in hypoxia-mediated gene activation is the formation of the hypoxia-inducible factor-1 (HIF-1) transcription factor complex [14, 16] , which is a heterodimeric complex of two helix-loop-helix proteins, HIF-1α and HIF-1β [17] .
However, in PDT using BPD-MA, little is known about the correlation between PDT-induced antivascular effects and tumor cell reactions to the resulting hypoxia within the tumor tissue.
In this study, we investigated the antitumor effect, tumor blood flow dynamics, and hypoxia after the 3-h-interval PDT and the 15-min-interval PDT using BPD-MA in KLN205 and LM8 mouse tumor models. The effects of PDT on local tumor control were evaluated by a histological study and a tumor regrowth assay. The time course of changes in the blood flow after PDT was monitored by a power Doppler US.
Furthermore, western blot analysis was performed to assess whether PDT-induced hypoxia could lead to an increase in hypoxia-inducible factor-1α (HIF-1α) expression within the treated tumor tissue.
Materials and Methods

Tumor cell lines and cell culture in vitro
KLN205 cells were obtained from the Institute of Development, Aging and Cancer, Tohoku University (Miyagi, Japan). KLN205 tumor cells were established from the Nettesheim lung carcinoma in mice (transplantable to DBA/2 mouse) [18] . LM8 cells were obtained from RIKEN BioResource Center (Ibaraki, Japan). LM8 tumor cell line was a highly metastatic potential cell line which derived from Dunn's osteosarcoma (transplantable to C3H mouse) [19] . The KLN205 and LM8 cells were maintained in RPMI 1640 medium (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; ICN Biomedicals, Inc., Aurora, OH, USA), penicillin (100 IU/ml), and streptomycin (0.1 mg/ml; Gibco BRL) in a humidified incubator at 37°C with a mixture of 5% CO 2 and 95% air. 
Photodynamic therapy
We studied the following two experimental groups: (i) a 3-h-interval PDT group (BPD-MA was administered at 3 h before laser irradiation) and (ii) a 15-min-interval PDT group (BPD-MA was administered at 15 min before laser irradiation). The tumor-bearing mice were intravenously administered approximately 0.1 ml of BPD-MA stock solution to achieve a dose of 2 mg/kg body weight, and these were irradiated with 690-nm laser light emitted by a diode laser (Coherent Japan, Inc., Tokyo, Japan). The light was delivered to the mice through a quartz fiber fitted with a microlens (Pioneer Optics, Inc, Windsor Lock, CT, USA), and expanded onto the tumor and a 2-4 mm skin margin. The tumors were exposed to an incident irradiance of 250 mW/cm 2 , and the total light dose was 150 J/cm 2 .
Tumor regrowth assay
The mice were assigned to the different treatment groups. The resulting treatment effect was assayed by the change in the tumor volume. The tumor size was regularly measured after PDT by using a caliper, and the tumor volume was calculated using the formula (a × b × c) π/6, where a, b, and c are three orthogonal diameters of the tumor. 
Histological examination
To examine the PDT-induced histological changes in the tumor tissue and the surrounding normal tissue, the animals were sacrificed before and at 3 h or 24 h after PDT, as described above. Tumor tissues were harvested and then fixed in 10% buffered formalin and embedded in paraffin. Tumor sections were cut to a 4 μm thickness, stained with hematoxylin & eosin (H&E), and examined under a light microscope.
Statistical analysis
The blood flow and the tumor size data were analyzed by the repeated measures of analysis of variance test, which was performed using statistical software (StatView ○ R version 5.0; SAS Institute Inc, Cary, NC, USA). A p value <0.05 was considered statistically significant.
Results
Tumor regrowth measurements
Compared to the untreated group, PDT-induced significant tumor regrowth delay in both tumors was observed in the 15-min-interval PDT as well as in the 3-h-interval PDT groups (p < 0.0001; Fig. 1 ). In addition, the 15-min-interval PDT was more effective in inducing tumor regrowth delay than the 3-h-interval PDT; however, no significant difference was observed between these treatments.
In the 15-min-interval PDT group, tissue edema was observed around the irradiated area for approximately 2 days after PDT. Eschar formation was observed a 9 few days after PDT, and the irradiated area was cicatrized within approximately 1 week after PDT. In the case of the KLN205 tumors, the tumor was not observed from 6 to 10 days after PDT. In the case of the LM8 tumors, the tumor was not observed from 4 to 10 days after PDT. In both tumors, some tumors recurred at approximately 10 days after PDT.
In the 3-h-interval PDT group, the tumor size decreased by approximately half after PDT and increased from 4 days after PDT in both tumors. Edema and Eschar formation was not observed.
Power Doppler blood flow measurements
The tumor center appeared relatively anechoic, as illustrated by the representative images from each group (Fig. 2) . In the tumors before PDT ( Fig. 2A, D) , the majority of the colored area was observed at the tumor periphery. In tumors at 24 h after the 15-min-interval PDT (Fig. 2B, E) , the colored area almost disappeared. In tumors at 24 h after the 3-h-interval PDT (Fig. 2C, F) , only a small portion of the colored area was observed in the tumor periphery. Figure 3 shows the changes in each parameter of power Doppler US.
In the 15-min-interval PDT group, the MCLs of the KLN205 and LM8 tumors at 24 h after PDT decreased to 58.9% and 64.3% of their initial pretreatment values, respectively. In the 3-h-interval PDT group, the MCLs of the KLN205 and LM8 tumors at 24 h after PDT decreased to 75.6% and 88.2% of their initial pretreatment values, respectively. In the LM8 tumors, the transition of MCL was significantly different between the two groups (p < 0.05).
In the 15-min-interval PDT group, the FAs of the KLN205 and LM8 tumors at 3 h after PDT declined markedly, and the FAs of the KLN205 and LM8 tumors at 24 h after PDT decreased to 22.2% and 13.7% of their initial pretreatment values, respectively. In the 3-h-interval PDT group, the FA of the LM8 tumors at 3 h after PDT declined markedly, and the FAs of the KLN205 and LM8 tumors at 24 h decreased to 62.8% and 60.7% of their initial pretreatment values, respectively. In the KLN205 tumors, transition of the FA was significantly different between the two groups (p < 0.0001).
In the 15-min-interval PDT group, the CWFAs of the KLN205 and LM8 tumors at 3 h after PDT declined markedly, and the CWFAs of the KLN205 and LM8 tumors at 24 h decreased to 14.8% and 8.0% of their initial pretreatment values, respectively. In the 3-h-interval PDT group, the CWFA of the LM8 tumors at 3 h after PDT declined markedly, and the FAs of the KLN205 and LM8 tumors at 24 h decreased to 51.2% and 53.6% of their initial pretreatment values, respectively. In the KLN205 tumors, the transition of the CWFA was significantly different between the two groups (p < 0.05).
HIF-1α expression
In the KLN205 and LM8 tumors, HIF-1α protein expression in the tumor tissues after the 15-min-interval PDT and the 3-h-interval PDT was observed (Fig. 4) . In the 15-min-interval PDT group, the level of HIF-1α expression in the KLN205 tumors was less at 3 h after PDT; however, it increased by 24 h after PDT. In the 15-min-interval PDT group, no difference was observed in the level of HIF-1α expression in the LM8
tumors at 3 h and 24 h after PDT. In the 3-h-interval PDT group, the level of HIF-1α expression in both tumors was greater at 3 h after PDT; however, it decreased by 24 h after PDT. Compared to the 3-h-interval PDT, the 15-min-interval PDT induced a greater level of HIF-1α expression in the KLN205 tumors.
Histological examination
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A histological examination of untreated tumors showed tumor cells with intact blood vessels. The red blood cells were visible within the lumen (Fig. 5A, F) .
At 3 h after the 15-min-interval PDT, the blood vessels were dilated and congested with red blood cells, and hemorrhage caused by the rupture of blood vessels could also be detected (Fig. 5B, G) . At 24 h after the 15-min-interval PDT, edema and hemorrhage were more severe and extensive. The tumor cells appeared pyknotic and were separated from each other (Fig. 5C, H) . Cell death was observed around the damaged vasculature, and a small number of viable tumor cells were observed at the tumor periphery.
Congested blood vessels and hemorrhage were also observed at 3 h after the 3-h-interval PDT; however, the extent of congestion and hemorrhage was lesser than that observed in the 15-min-interval PDT group. Pyknosis and cell separation induced by the 3-h-interval PDT was more extensive than that induced by the 15-min-interval PDT (Fig. 5D, I ). By 24 h after the treatment, cell death was observed in the entire tumor, except the peripheral tumor cells that were viable (Fig. 5E, J) .
Discussion
The biological target of PDT using BPD-MA depends on the interval between drug injection and light irradiation. PDT with a short drug-light interval (15-min-interval PDT) targets tumor vasculature, whereas PDT with a long drug-light interval (3-h-interval PDT) targets cellular compartments [5] . In a previous study using Meth A sarcoma-bearing mice, 15-min-interval PDT suppressed tumor growth and prolonged the survival time to a greater extent than 3-h-interval PDT [5] . In the present study, we chose different two types of cell line. KLN205 tumor was mouse lung squamous cell carcinoma. LM8 tumor was mouse osteosarcoma. The 15-min-interval PDT was more effective than the 3-h-interval PDT (Fig. 1) . The 15-min-interval PDT cuts off the supply of nutrients and oxygen those are necessary for neoplastic tissues [5] ; therefore, it might be potentially effective in destroying the vasculature in solid tumors.
In studies using tumor-bearing mice, Doppler US has proved to be a valuable noninvasive method for serial examinations of the vascularity and perfusion within the tumor during antiangiogenic treatment and radiation therapy [20] [21] [22] . Power Doppler US records the amplitude (energy) of the Doppler signal reflected from the moving blood cells and was sensitive for detecting low velocities and parenchymal vessels as small as 15-20 μm in diameter [23] . Due to the typically high interstitial pressure in tumors and resultant low-velocity states in tumor vessels, power Doppler US is of special value in assessing tumor vasculature. In addition, a significantly positive correlation has been reported between Doppler blood flow and microvessel density measurements [20] . Therefore, we investigated whether the effects of PDT could be evaluated using the tumor vascularity and perfusion data, which were determined by power Doppler US.
It was reported that the blood flow values in control groups such as the BPD-MA alone group, the light alone group, and the no drug and no light group were slightly higher than the pretreatment values [24] . In the KLN205 tumors, the transition of the FA and the CWFA was significantly different between the 15-min-interval PDT and the 3-h-interval PDT groups (Fig. 3) . This difference could be due to the loss of small vessels (<300 μm 2 ) that was largely responsible for the reduction in the FA, which in turn is responsible for the decrease in the CWFA [20] . It was considered that the progressive decreases in the PDT-induced CWFA and FA values provided unequivocal evidence of therapeutic response. In the LM8 tumors, the transition of the MCL was significantly different between the 15-min-interval PDT and the 3-h-interval PDT groups. These results indicated that compared to the 3-h-interval PDT, the 15-min-interval PDT induced a significantly higher decrease in the tumor vascularity (based on the FA measurement) and perfusion (based on the MCL and CWFA measurements). However, the 3-h-interval PDT also damaged the vasculature to a small extent. It was reported that radiation-induced fibrosarcoma-1 tumors were exposed to laser light at either 0.5 h or 6 h after a 5 mg/kg dose of hypericin. A complete arrest of vascular perfusion was detected by 15 h after the 0.5 h-interval PDT, whereas well-perfused areas could still be found at this time in tumors after the 6-h interval PDT [25] . The reported results were similar to our present results.
Power Doppler US is considered to be assessed the efficacy of PDT conveniently, safely, and repeatedly. However, this technique has some limitations in that the results may vary depending on the operator, as in the case of any US technique [12] . Power Doppler US is subject to motion artifacts due to the transducer, which can simulate blood flow. The study of deeper organs might also be more limited by motion artifacts due to adjacent respiratory or heart motion. Moreover, the analysis of the images is subject to variability depending on the manner in which the ROI are drawn and the tumor is framed within the analysis software [12] . In this study, therefore, we attempted to minimize motion artifacts and center the tumor image in the power Doppler US box, and the ROI was drawn to include only the tumor.
Hypoxia-inducible factor-1 is a heterodimeric complex of two helix-loop-helix proteins, HIF-1α and HIF-1β (ARNT) [17] . ARNT is constitutively expressed, whereas HIF-1α is rapidly degraded under normoxic conditions by the ubiquitin-proteasome system [14, 16, 26] . Hypoxia induced the stabilization of the HIF-1α subunit protein.
This protein is a major regulator of the hypoxic response of tumor cells. After hypoxic stabilization, HIF-1α translocates to the nucleus, forms the HIF-1 dimer with the ubiquitous HIF-1β, and subsequently binds to the hypoxia-responsive elements of hypoxia-regulated genes such as vascular endothelial growth factor (VEGF), erythropoietin, or glucose transporters [17] .
We detected the time course of HIF-1α protein expression in each tumor after PDT.
In both tumors, the level of HIF-1α expression at 3 h after the 3-h-interval PDT was high. It was believed that the photodynamic reaction induced the consumption of oxygen by cells and rapidly caused hypoxia of the entire tumor tissue because the 3-h-interval PDT targeted the cellular compartment [24, 27] . At 24 h after the 3-h-interval PDT, a number of tumor cells were killed, and the level of HIF-1α expression decreased although the blood flow in the tumor persisted (Fig. 3) . On the other hand, at 3 h after PDT, the level of HIF-1α expression induced by the 15-min-interval PDT was lesser than that induced by the 3-h-interval PDT although the blood flow in the tumor decreased remarkably (Fig. 3) . This was believed to be due to the hypoxia that was induced only around the damaged vasculature and not in the entire tumor tissue because the 15-min-interval PDT mainly targeted the tumor vasculature [24] . With regard to the level of HIF-1α expression, it was believed that at 24 h after the 15-min-interval PDT, the hypoxia area occurring due to vessel rupture (Fig. 5C, H) gradually increased within the tumor tissue. The difference in HIF expression after 15-min-interval PDT between both cell lines was considered to be related to the change of the MCL (Fig. 2A, C) . It was possible that PDT-induced tumor tissue hypoxia could stabilize HIF-1α and initiate HIF-1-mediated transcription.
HIF-1α could regulate the expression of genes not only involved in angiogenesis but also those that contribute to tumor cell survival and aggressiveness [17, 28] .
Palayoor et al. reported that one of the effects of nonsteroidal anti-inflammatory drugs (NSAIDs) was to reduce the level of HIF protein expression [29] . The level of HIF-1α expression was high at 3 h after the 3-h-interval PDT; therefore, the use of NSAIDs might have an effect on the suppression of tumor recurrence as well as neovascularization stimulated by VEGF after the 3-h-interval PDT.
To confirm the effects of PDT, we performed histological examination of the tumor tissues. At 24 h after the 3-h-interval PDT, cell death was observed in the entire tumor, except the peripheral tumor cells. Therefore, there was a possibility of this tumor recurring because the tumor cells and vasculature remained intact at the tumor periphery.
In the 15-min-interval PDT group, the dead cells showed condensed nuclei, a characteristic of apoptotic cell death, around the damaged and ruptured tumor vasculature. It was also reported that vasculature-targeting PDT induced apoptotic cell death [30, 31] . It was indicated the dominant intravascular localization of the photosensitizer with slight diffusion beyond the boundaries [31] . Therefore, the tumor cells were directly damaged by photodynamic effect surrounding the tumor vasculature.
Although the 3-h-interval PDT induced more extensive cell death than the 15-min-interval PDT at 3 h after PDT, both PDT treatments resulted in a similar extent of cell death at 24 h after PDT. It was reported that these differences might be due to the difference in the stages of cell death induced by the 15-min-interval PDT and the 3-h-interval PDT [30] . The histological findings such as vascular rupture and hemorrhage indicating vascular damage might be associated with those of hemodynamics observed during power Doppler US analysis. In the 3-h-interval PDT, power Doppler US examination detected the vascularity at the tumor periphery. This difference in response implied that the vasculature in the tumor center might be more sensitive to PDT-induced vascular damage than that in the tumor periphery and in the surrounding tissue [25] .
In our in vitro study using propidium iodide staining, a significant difference in the proportion of apoptosis was observed between the KLN205 cells and the LM8 cells [32] . In this study, however, no significant difference in the delay in tumor regrowth was observed between the KLN205 and the LM8 tumors treated by the 3-h-interval PDT. These differences in the results of the in vitro and in vivo study might be due to the difference in the experimental condition and influence of several factors in the tumor tissue, such as photosensitizer uptake, tissue oxygen concentration, light dose delivered, etc [3, 33, 34] .
In a previous study using mammary tumors (MCaIV tumors), combining cellular and vasculature-targeting PDT (the photosensitizer was injected at 4 h and 15 min before laser irradiation) induced tumor growth delay more effectively than when cellular-or vasculature-targeting PDT were used alone [35] . In our study using the KLN205 tumors, combining the 3-h-interval and the 15-min-interval PDT also resulted in a more drastic tumor regression than when each PDT was used alone (data not shown). During the experimental period of 21 days, the tumor did not recur. Therefore, a combination of the cellular-and vasculature-targeting PDT has the potential to become a new and more effective treatment method for tumors.
In the present study, hypoxia was induced more rapidly in the entire tumor after the 3-h-interval PDT (cellular-targeting PDT) than after the 15-min-interval PDT (vasculature-targeting PDT). However, compared to the 3-h interval PDT, the 15-min-interval PDT induced tumor growth delay more effectively. Therefore, it was considered that vasculature-targeting PDT was effective in destructing the vasculature in solid tumors. It was also considered that power Doppler US could assess the efficacy of PDT conveniently, safely, and repeatedly.
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